Introduction
Phosphorescent materials have attracted considerable attention with respect to a wide range of applications in organic light emitting devices (OLEDs) and glow-in-the-dark materials, which are charged with bright light such as room light. Unlike a fluorescent material, a phosphorescent material releases generally weak light, very slowly in the dark, due to forbidden energy state transitions, instead of re-emitting the light immediately. Therefore, the development of phosphorescent emitters with a high phosphorescence quantum yield at room temperature has been considered important. ZnS:Cu phosphor is a well-known long phosphorescent phosphor, but it does not maintain its phosphorescence for more than a few hours, and is not bright and chemically stable enough for many applications. In order to overcome this limit, strontium aluminates have been developed [1] [2] [3] [4] [5] . The luminance of strontium aluminates is approximately 10 times greater than that of zinc sulfide [5, 6] , and they have intrinsically high chemical and physical stability as well as moisture resistance. Although many recent studies have improved the phosphorescence quantum yield of strontium aluminates by the use of activators and coactivators [7] [8] [9] [10] [11] [12] , it is challenging to develop long and enhanced afterglow phosphors. In this work, we have investigated the effects of various doping compositions and impurities on the phosphorescence of green-emitting alkaline earth aluminate phosphor (SrAl 2 O 4 :Eu 2+ ,Dy 3+ ) and improved its phosphorescence characteristics. The properties of phosphorescence emission are largely dominated by the effect of crystal-field symmetry on the excitation state of the activator Eu 2+ . Therefore, we compared various compositions of the activator (Eu 2+ ) and coactivator (Dy 3+ ), and impurities to find optimal conditions for improving the brightness and decay time of the green-emitting alkaline earth aluminate phosphor. Thus, we succeeded in developing a new phosphor, SrAl 2 O 4 :Eu 2+ ,Dy 3+ , which shows extremely bright and long-lasting phosphorescence.
Results

Composition of activator and co-activator
The SrAl 2 O 4 :Eu 2+ system exhibits a broadband emission spectrum peaking at 520 nm, as shown in Fig 1, which is attributed to the 4f! 5d transition of Eu
2+
. The incorporation of Dy 3+ ion into the SrAl 2 O 4 :Eu 2+ system as a co-activator is thought to produce very bright and longlasting phosphorescence at room temperature because of the creation of highly dense hole trapping levels at the optimal depth. Because f-d transitions are very sensitive to crystal field distortion [13] , the phosphorescence emission mechanism depends on the crystal-field symmetry upon the excitation states of the activator and co-activator. Therefore, chemical equilibrium between the activator and the co-activator may play an important role in changing the phosphorescence properties. As an initial optimization, we characterized the effect of activator and co-activator composition on the phosphorescence intensity. We measured the afterglow for various Dy 3+ /Eu 2+ molar ratios ranging from 1 to 3, by changing only the Dy 3+ concentration first ( Table 1) . The samples were irradiated with 365 nm light for 5 min and the decay curve of the afterglow at 520 nm, which corresponds to the peak of the 5d ! 4f transition, was measured at room temperature (Fig 1B-1E) . We further computed the lifetimes, which are the inverse of the decay rates, by fitting the decay curves with three exponential components having different decay times as previously reported [8] . These photophysical results are presented in Table 2 . These different emission lifetimes are known to result from the different depths of the Dy 3+ trap levels in the host structure [8, 14] . ), as shown in Table 3 , to obtain bright phosphorescent phosphors; the result is shown in Fig 2 and : 131 pm) and charges, the host crystal structure is not changed significantly upon doping the [15] . It is known that the 5d!4f electronic transition of Eu 2+ is sensitive to the symmetry of the coordination environment [13] . Therefore, further breaking of the symmetry could boost the luminescence by leading to less forbidden transitions. In order to break the symmetry of the host and create vacancies, we substituted Sr 2+ with alkali metal or alkaline earth metal ions of various sizes, or substituted Al 3+ with Si
4+
. These substitutions could lead to a strong local strain due to the differences in the ionic radii, thus enhancing the phosphorescence. 
Doping with impurities-Alkali metal doping
First, we tried substitution of Sr 2+ with alkali metals, which could decrease the number of cation vacancies, possibly inducing alternative relaxation paths for excitation energy. Since the excited 5d!4f transition of the Eu 2+ ion is extremely sensitive to changes in the environment, we can also expect an additional increase in luminescence from the change in crystal structure symmetry caused by doping with alkali metals of different sizes, which could cause a corresponding shrinkage or expansion of the host structure. The distorted crystal structure may also facilitate the formation of traps, thus resulting in the improvement of initial afterglow characteristics. These two effects could boost the luminescence considerably, or induce little change in the luminescence if they cancel out each other. 2 , and M 2 CO 3 (M = Li, Na, K), were weighed out and mixed homogeneously (Table 5 ). H 3 BO 3 was added as a flux, and then, the dried powder mixtures were fired in the furnace. All of the afterglow measurements were performed subsequently; the curves in Fig 3 present the time dependences of the 520 nm emission. The phosphorescence spectrum due to Eu 2+ ions, peaking at 520 nm, did not vary significantly with alkali metal doping, and the decay times of the SrAl 2 O 4 :Eu 2+ , Dy 3+ doped with different alkali metal ions were almost similar (Table 6 ). However, the initial brightness of the phosphorescence after illumination was dramatically different. Alkali metal doping significantly increased the luminescence; especially, the smallest alkali metal, Li, showed the largest increase in luminescence, which supports our hypothesis that the distorted crystal structure may facilitate the formation of traps and enhance the afterglow characteristics. , Dy 3+ ), which was enough to enhance the electronic transition of Eu 2+ but not too high to disrupt the overall crystal structure. : 149 pm). Therefore, a break in symmetry of the host crystal structure is expected by expansion or shrinkage depending on the size of the ionic radii of a substitute, and hence may enhance the 5d!4f electronic transition of Eu (Table 9) , and then, the dried powder mixtures were fired in the furnace. All measurements of the decay curves of afterglow were performed subsequently, as shown in Fig 5. From the measurements (Fig 5 and Table 10 ), it is seen that the specimens exhibit broadband emission spectra peaking at 520 nm, and that the peak wavelengths of the phosphorescence spectra do not vary with the type of alkaline earth ions used in doping. It implies that the emission originates from the same Eu 2+ center, and that the crystal field splitting and the center of gravity of Eu 2+ are not influenced much by doping the SrAl 2 O 4 :Eu 2+ , Table 6 . Decay times of the phosphorescence from the strontium aluminate crystals doped with various alkali metals. Decay times were calculated by a curve fitting technique based on the three exponential components( . The measurements with alkaline earth metals . These results can be explained by the hypothesis that increased diversity of doping to Eu 2+ boosts the quantum yield, because the transitions become less forbidden in the mixed-doped complexes. Doping with impurities-Si 4+ doping
Next, we performed Si 4+ doping experiments in order to substitute Al 3+ with Si 4+ and create a cation vacancy, which could cause expansion of the host structure. Moreover, cation vacancies are expected to act as hole traps and enhance the phosphorescence if the depth is optimal to show long phosphorescence at room temperature; this is because the co-activator Dy 3+ greatly enhances the duration and intensity of persistent luminescence by creating highly dense hole trapping levels. We can expect both the effects of breaking the symmetry due to the different Table 10 . Decay times of the phosphorescence from the strontium aluminate crystals doped with various alkaline earth metals. Decay times were calculated by a curve fitting technique based on the three exponential components( ) as shown in Table 13 . The decay curve of afterglow was measured at room temperature after irradiation with 365 nm light for 5 min (Fig 7  and (0.1-0.3M) were added as a flux. The starting materials were weighed out in various amounts, mixed homogeneously, and ground in an agate mortar. Then, the dried powder mixtures were fired in molybdenum crucibles at~1300°C for 3-5 h, under a weak reductive atmosphere of flowing N 2 -H 2 (3%) gas, in horizontal tube furnaces. After a Phosphorescence of Green-Emitting Alkaline Earth Aluminate Phosphor high-temperature solid-state reaction, the synthesized samples were cooled to room temperature in the furnace, and were ground again in an agate mortar. For the afterglow measurements, the samples were irradiated with 365 nm light for 5 min, and the emission spectra of the phosphors were recorded by a Hitachi 850 fluorescence spectrophotometer, from 300 to 950 nm. The decay curves of afterglow were measured with an ST-86LA brightness meter. All measurements were carried out at room temperature.
